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ABSTRACT

We report the results from a recent series of experiments employing the HAARP
HF transmitter to generate and study strong Langmuir turbulence (SLT) in the interaction
region of overdense ionospheric plasma. Diagnostics included the Modular UHF
Ionospheric Radar (MUIR) sited at HAARP, the Super DARN-Kodiak HF radar, and HF
receivers to record stimulated electromagnetic emissions (SEE). Short pulse, low duty
cycle experiments demonstrate control and suppression of artificial field-aligned
irregularities (AFAI). This allows the isolation of ponderomotive plasma turbulence
effects. For the first time, plasma line spectra measured simultaneously in different spots
of the interaction region displayed marked but contemporaneous differences dependent
on the aspect angle of the HF pump beam and the pointing angle of the MUIR diagnostic
radar. Outshifted Plasma Line spectra, rarely observed in past experiments, occurred with
sufficient regularity for experimentation. Experimental results are compared to previous
high latitude experiments and predictions from recent modeling efforts.
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1. Introduction

The study of the ionosphere is useful for various fields, such as, navigation (Global
Positioning System) and satellite communications systems. High frequency (HF) transmission of
radio waves has long been employed both for communication and as a technique to research the
ionosphere because of its frequency range being comparable to the plasma frequency range in the
ionosphere. Furthermore, transmitting high power HF radiowaves may be used to produce
irregularities that simulate natural turbulence in a controlled experiment. Transmitting HF
radiowaves with various parameters and high power in the ionosphere is important to the study
of the ionosphere. The High Frequency Active Auroral Research Program (HAARP), in Gakona,
Alaska, has the highest power and most versatile system for the HF radio in the world. The
HAARP HF transmitter, called Ionospheric Research Instrument (IRI), can transmit HF waves of
2.8 - 15 MHz into the ionosphere, with a peak power of up to 3600kW at transmitter power,
which, including the gain of the antenna system, results in an Effective Radiated Power (ERP) of
up to 3600 MW.
The objective of these experiments is to study Strong Langmuir Wave Turbulence
produced by high power HF transmissions in the ionosphere. Two three-wave decays processes
—the Parametric Decay Instability and the Langmuir Decay Instability, along with the
Modulational Instability, which results in cavitation of the ionospheric plasma density—are
studied by means of corresponding spectral observations. The versatile capabilities of the Ultra
High Frequency (UHF) phased array diagnostic radar called Modular UHF Ionospheric Radar (or
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MUIR) is exploited to study the spectra simultaneously in different regions of the heated
ionosphere.
In summer 2011, from July 19th through of July 25th, we performed a number of
experiments at HAARP. Our main objective of this experiment at HAARP was to study wave
interactions, ionospheric modification, and the decay processes taking place in the ionosphere.
To study these aspects, we produced and measured Strong Langmuir Turbulence (SLT) for a
variety of transmitted HAARP parameters including HF pump pointing and MUIR UHF
diagnostic look angles. We analyzed data from this experiment and compared our results with
other previous results.
We observed and studied a number of effects of SLT, including cascades of discrete
plasma lines, collapse of Langmuir cavities (called cavitons), and outshifted plasma lines. The
coexistence spectra indicate that Strong Langmuir Turbulence was excited, and the strong
outshifted plasma line is also predicted by Strong Langmuir Turbulence theory. Also, the
phenomena called the Kohl effect was observed to occur with the HF pump wave pointed at 7˚
but the strongest UHF backscatter echo was observed along magnetic zenith. Collapse was
observed for HF at 7˚ than at 11˚ and 14˚. This result is consistent with the theory that the
observability of collapse is diminished for HF farther from vertical (Hanssen et al., 1992).
Our 2011 results indicate that different techniques gave the similar results for cascade,
collapse, and coexistence of plasma lines observed for HF at 7˚ and UHF at 15˚. This study
improves upon previous studies of the aspect angle dependence of Strong Langmuir Turbulence
in the ionosphere employing simultaneous multi-angle observations. Observations were made of
Outshifted Plasma Line spectra rarely seen in previous experiments.
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2. Background

2.1 The Ionosphere
2.1.1 Ionospheric Conditions
The ionosphere is a region of the atmosphere that has a sufficient number of free
electrons to affect electromagnetic wave propagation. The range of the altitude of the ionosphere
is approximately from 60 km to 1000 km, and there are the D region (60 to 90 km), the E region
(90 to 120 km), the F1 region (120 km to 220 km), and the F2 region (220 km to 800 km)
(Kelly, 2009). Electron densities are in the range of 1.0 × 109 electron/cm3 in the D region, 3.0 ×
1010 ~ 3.0 × 1011 electron/cm3 in the E region, 2.5 × 1011 ~ 4.0 × 1011 electron/cm3 in the F1
region, and 1.0 × 1012 electron/cm3 (= 1.0 × 1018 electron/m3 ) in the F2 region (Kelley, 2009).
The condition of the ionosphere is changed by ultraviolet radiation from the sun, solar weather,
the geomagnetic field. Radiation from solar activity causes varied conditions of the ionosphere.
During the day, the ultraviolet light from the sun collides with atoms and creates ions and
electrons in the ionosphere. As Figure 2.1 shows, the density of oxygen and nitrogen in the
ionosphere is greater at the lower region of the ionosphere. However, part of the ultraviolet light
is absorbed at higher regions of the ionosphere before the ultraviolet light reaches the lower
region; therefore, the intensity of the ultraviolet light decreases at lower altitudes (Kivelson &
Russell, 1995). Figure 2.2 shows the graph of the density of ions and electrons in the ionosphere.
According to the Figure 2.2, the altitude that has the highest density of ions and electrons, which
occurs with highest ionization, is approximately 250 km, which is in the F2 region. A high
frequency (HF) electromagnetic wave launched from the ground propagates until its frequency
matches the local plasma frequency corresponding to the density of electrons.
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Figure 2.1: Particle Density as a function of height.
(http://www.haarp.alaska.edu/haarp/ion3.html)

Figure 2.2: Degree of ionization measured in
number of electrons as a function of height.
(http://www.haarp.alaska.edu/haarp/ion4.html

The ionosphere has a quiet geomagnetic condition in the hour after sunset, and this
condition allows high electron temperature increases at high latitude and high altitude (Rietveld
et al., 1993).
Space weather and the geomagnetic field of the earth affect the condition of the
ionosphere. The interaction of solar wind with the polar ionosphere is intense since the
geomagnetic field lines are almost vertical to the earth in the zone, and even small changes in
space weather affect the polar ionosphere (Das et al., 2008). Das et al. also describe that the
highly energetic particles may lead to enhancement in the plasma density in the ionosphere. Sun
spots affect the condition of the ionosphere. The cycle of the sun is eleven years, and a large
geomagnetic activity occurs after the peak of the sun spot number of the solar cycle.
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2.1.2 Plasma in the ionosphere
Ions and electrons in the ionosphere have harmonic oscillations due to the force between
ions and electrons. Figure 2.3 shows the electric field due to electrons and ions, and electrons
oscillate with displacement x. The plasma frequency in the ionosphere, fe, is shown as the
equation (1).
fp = 9 ne1/2

(1)

where ne [m-3]: Electron density
fp [Hz]: plasma frequency
As the above equation of the plasma frequency shows, the plasma frequency depends on
the density of electrons.

Figure 2.3: The electric field due to the ion and electron gas (Prolss, 2004)

2.1.3 Gyro-cyclotron frequency
The ionosphere is influenced by the magnetic field of the earth. The magnetic field exerts
a force on the electrons which are in the magnetic field as Figure 2.4 shows, and the electrons
have the gyro-cyclotron frequency of the circular motion due to the magnetic field. The gyrocyclotron frequency relates to the magnitude of the magnetic field in the high latitude and the F
region of the ionosphere (Kosch et al., 2007). Then, the electron cyclotron frequency, fb, is
5

(2)

Where

e [C]: Charge of an electron
B [T]: Magnetic field
me [kg]: mass of an electron

Figure 2.4: Gyro-cyclotron motion (Baumjohann and Treuman, 1997). The magnetic field exerts a force
on electrons which are in the magnetic field, and then the electrons have a circular motion due to the
magnetic field.

2.2 Decay of the HF Pump Wave
2.2.1 The HF pump wave in the ionosphere
The HF transmission wave may modify the electron density of the ionosphere and increase the electron temperature, and these phenomena occur in plasma turbulence (Bernhardt et
al., 1988). In the experiment at HAARP, we transmitted the HF pump waves to produce Strong
Langmuir Turbulence (SLT). The HF is an electromagnetic wave, and there are two polarizations: the ordinary polarization mode (O-mode) and extraordinary mode (X-mode). The O-mode
propagates until the electric field of the wave is parallel to the magnetic field, at which point the
mode has the same dispersion relation in the unmagnetized plasma (Baumjohann & Treumann,
1997). The X-mode polarization propagates until that the electric field of the wave is perpendicular to the magnetic field, and the X-mode has the dispersion relation in the magnetized
plasma (Baumjohann & Treumann, 1997).
6

2.2.2 The Dispersion Relation of the HF pump waves
We selected the O-mode to observe the excitation of instabilities in the ionosphere. The
propagation of the O-mode is perpendicular to the magnetic field, and the electric field is parallel
to the magnetic field. As Figure 2.5 shows, electrons are accelerated by the parallel electric field
and move along the electric field line, which is same direction as the magnetic field; hence, the
wave is not affected by the magnetic field (Chen, 1974). The dispersion relation of the
electromagnetic wave in the ionosphere of frequency, ω, is shown as the equation (3). The
angular frequency of the electromagnetic wave with O-mode in the ionosphere is shown as the
below equation (Chen, 1974).
ω2 = ωp2 + c2k2
where

(3)

ω [s-1]: Angular frequency of the electromagnetic wave
ωp [s-1]: Angular frequency of the plasma waves
c [m/s]is the light speed
k [m-1] is the wave number of the HF waves

The above equation shows the dispersion relation for the propagation of electromagnetic waves
(HF transmission) in the plasma with no magnetic field (Chen, 1974), and the dispersion relation
is shown in Figure 2.6. When the frequency of the HF transmission is higher than the plasma
frequency of the ionosphere, ω > ωp, the wave number k that is derived by the equation (3)
becomes real, k >0; hence, the HF transmission wave can propagate in the ionosphere. On the
other hand, when the frequency of the HF wave is lower than the local plasma frequency of the
ionosphere, ω < ωp, the wave number k becomes imaginary, k < 0; hence, the HF waves cannot
propagate in the ionosphere. In the case for ω < ωp, the HF wave attenuates in the ionosphere,
and the case for ω = ωp, the HF waves reflect in the ionosphere (Walker, 1979).
7

Figure 2.5: Geometry for electromagnetic waves propagating at
right angle to B0 (Chen, 1974). The electric field line is parallel
to the magnetic field line; hence the wave is not affected by the
magnetic field.

Figure 2.6: Dispersion relation for electromagnetic waves in a
plasma with no dc magnetic field (Chen, 1974). When k > 0, ω > ωp,
then the wave propagates. When k < 0, ω < ωp, then the wave does
not propagate but instead decays.

2.2.3 Parametric Decay Instability (PDI)
The HF electromagnetic pump wave couples to high-frequency electron plasma waves,
which are called Langmuir waves (LW), and low frequency ion waves, which is called ionacoustic waves (IAW), in the ionosphere (Bernhardt et al.,1989; Stubbe et al., 1992; Djuth et al.,
1994; and Kosch et al., 2004). This primary mechanism is called Parametric Decay, and the
instability is called Parametric Decay Instability (PDI) (DuBois et al., 2001). For the HF pump
wave upgoing wavevector, the LW propagates downward and the IAW propagates upward
(Forme, 1993). The HF pump waves generate parametric instabilities just below the reflection
height. The frequency matching condition of the PDI is shown as the equation (4).
8

ω0 ≈ ω1 ± ω2
where

(4)

ω0 [s-1]: Angular frequency of the HF pump
ω1 [s-1]: Angular frequency of the Ion acoustic wave
ω2 [s-1]: Angular frequency of the Langmuir wave

Figure 2.7 shows the parallelogram construction for the PDI. The top curve shows the
electromagnetic wave (HF pump wave), the broad curve shows LW, and the straight lines show
IAW. The electromagnetic wave is shown as (ω0, k0), the IAW is shown as (ω1, k1), and the LW
is shown as (ω2, k2) in Figure 2.7. Since | k0 | is small, |-k1| ≈ |k2| (Chen, 1974). The IAW
propagates both directions along the magnetic field (Forme et al., 1993). This is indicated by the
observation of spectra that one or both ion lines are enhanced (Rietveld et al., 1991).

Figure 2.7: The Parametric Decay (Chen, 1974).The electromagnetic wave (HF pump) decays
the Langmuir wave and ion- acoustic wave. The Langmuir wave and ion-acoustic wavevectors
are along the sides of a parallelogram.
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2.2.4. Langmuir Decay Instability (LDI)
The Langmuir waves, produced by PDI, may decay into another LW and another IAW.
This second decay process is called Langmuir Decay, and the excitation of the instability is
called Langmuir Decay Instability (LDI) (DuBois et al., 2001). The downward LW decays into
an upgoing LW and downgoing IAW (Forme, 1999). The LW accelerates electrons, which may
produce the intense optical emissions (Ashrafi et al., 2007). There exists a threshold that PDI
must exceed; then the enhanced LW due to PDI can in turn become a pump wave itself and
generate LDI (Rietveld et al., 1993). The LW due to PDI decays into another LW with lower
frequency and another IAW, and the decay continues as long as the threshold for the decay is
exceeded (Kohl et al., 1993).
The first LDI is shown in Figure 2.8. The lower curve is the IAW, and the upper curve is
the LW. The “mother” LW (ωL0, kL0) due to PDI decays into the “daughter” LW (ωL1, kL1) and
the IAW (ωia1, kia1) (Forme, 1993). The condition is shown as the equations (5) and (6).

ωL0 = ωL1 + ωia1

(5),

kL0 = kL1 + kia1

(6)

Figure 2.8: The Parallelogram construction in decay of mother LW into a daughter LW and IAW
(Forme, 1993).
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The 2nd LDI is shown in Figure 2.9. The lower curve is the IAW, and the upper curve is
the LW. The 1st daughter LW (ωL0, kL0) due to the 1st LDI decays into the 2nd daughter LW (ωL1,
kL1) and another IAW (ωia1, kia1) (Forme, 1993). The LDI generates upgoing and downgoing LW
and IAW (Wahlund et al., 2003).

Figure 2.9: Parallelogram construction in decay of daughter LW into 2nd daughter LW and
another IAW (Forme, 1993).

The dispersion relation of the LW (Baumjohann & Treumann, 1997) is shown as the equation (7).
ωL2 = ω2 +kL2γevthe2

where

(7)

ωL [s-1]: Angular frequency of LW
ω [s-1]: Angular frequency of HF pump
kL [m-1]: wave number of LW
vthe2 [s-1]: Thermal velocity of LW

The dispersion relation of the IAW (Baumjohann &Treumann, 1997) is shown as the equation
(8).
(8)
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where

ωia [s-1]: Angular frequency of IAW
vthe [s-1]: Thermal velocity of IAW
γe : Ratio of specific heats
kB [J/K]: Boltzmann constant
Te [K]: Electron temperature
mi [kg]: Mass of ion
kia [m-1]: Wave number

2.2.5 The matching height of the decay
The SLT is created at high altitude, near the reflection height (DuBois et al., 2001), and
PDI occurs below the reflection height where the frequency of the HF pump is a few hundred
kHz less than f0F2 (Oyama et al., 2006). The lines of the IAW are observed below the HF
reflection height (Honary et al., 1999; Djuth et al., 1994; and Rietveld et al., 2000). The HF
pump wave may also decay at the upper hybrid resonance height a few kilometers below the HF
reflection height (Robinson, 1989). The Langmuir Turbulence can occur anywhere between the
matching height and the reflection height (Isham et al., 1999).

2.3. The HF Transmission
2.3.1 The frequency of the HF pump wave
As section 2.2.2 mentions, the HF pump wave are reflected when the HF pump wave
frequency is equal to the plasma frequency of the ionosphere. Figure 2.10 shows the reflection
height for the varying frequency of the HF pump wave. The ionization can be determined by the
varied HF pump waves (Prolss, 2004). The highest frequency of the HF pump wave that is
12

reflected in the ionosphere is called critical frequency, and the critical frequency is the maximum
plasma frequency of the ionosphere because the frequency of the HF pump wave is equal to the
plasma frequency at the reflection point (Prolss, 2004).

Figure 2.10: Reflection of pump wave of artificial and natural radio waves. The frequency (fp)max
corresponds to the critical frequency f0F2 (Prolss, 2004).
The frequency of HF pump wave capable of generating turbulence, is supposed to be
slightly below the critical frequency (Walker, 1979). The strong spectrum of the electron
enhancement is observed when the HF pump wave is near the electron gyro-cyclotron frequency
(Stubbe et al., 1984; Kosch et al., 2005; and Gustavsson et al., 2006). The intensity of the
emission is greater with the frequency above the second gyro-harmonic at HAARP (Kosch et al.,
2005), and the same result is presented by the Super DARN radar back scatter (Kosch et al.,
2002). There is no minimum intensity of emission with the second gyro-harmonic frequency.
When the HF pump wave is close to or higher than the third electron gyro-frequency, there is
anomalous absorption (Stocker et al., 1993 and Stubbe et al.,1992), the enhancement of the
electron temperature (Honary et al., 1995), and decreasing of the optical emissions (Kosch et al.,
13

2002). This demonstrates that the frequency from above the second and below the third gyrofrequency produce strong emissions. The HF pump wave close to the third gyro-cyclotron
frequency can deposit most of energy of the pump wave near the HF reflection height, where the
electron enhancement occurs due to the decay (Honary et al., 1999; Pedersen et al., 2003).

2.3.2 The angle of the HF pump wave
Heating effect of the ionosphere strongly depends on the angle of the HF pump wave
(Rietveld et al., 2003). The strong enhancement of the decay is generated when the HF pump
wave angle is between the Spitze angle and the magnetic zenith angle (Rietveld et al., 2003). The
Spitze angle is shown as the equation (9) (Ashrafi et al., 2007).
(9)

where

Y = fb / f0
fb [Hz]: Frequency of the gyro-cyclotron frequency
f0 [Hz]: Frequency of the HF pump wave
θB [rad]: Magnetic zenith angle

The magnetic zenith angle may found from the IGRF reference model
[http://www.ngdc.noaa.gov/ geomagmodels/ IGRFWMM. jsp].
Mishin et al. (2005) describe the scattering of the HF pump wave into LW when the HF
angle is close to the magnetic zenith angle. Rietveld et al. (2003) illustrates that the increase of
the electron temperature is large with the HF pump wave at or close to the magnetic zenith angle.
Mishin et al., (2004) and Kosch et al., (2007) also describe that the HF pump wave is reflected
near the PDI matching height, below the reflection height, when the HF pointing angle is
14

between the Spitze angle and the magnetic zenith angle. On the other hand, when the HF pump is
directed inside the Spitze angle, the HF pump waves reach the reflection height, where the PDI
may not occur (Rietveld et al., 1993). Rietveld (2003) described how the electron temperature
increases strongly at all of the HF transmission angles.
Kosch et al., (2000 and 2002) illustrate the result that 50 km to the east and southward
large electron temperature enhancements are detected, and Pedersen and Carlson (2001) also
describe large scale enhancements measured southward of the pump pointing. Ashrafi et al.,
(2007) show how optical structures appear and collapse into a spot in less than 60 s when the HF
transmission is pointed 9 south of local geomagnetic zenith.
2.3.5. Duty cycle
The features of the spectrum are different for different duty cycles. When the duty cycle
is low the thermal and density perturbations are moderated, and the heating effect becomes small
(Cheung, et al., 1997). On the other hand, when the duty cycle is high the obvious cascade
spectrum is observed.

2.4 Spectrum of Decay Lines
2.4.1 Power Spectrum Density

The plasma lines due to PDI and LDI are recorded as spectra. As Figure 2.11 shows, a
spectrum is plotted with frequency along y-axis, time along x-axis, and the colors which show
signal intensity with scale of intensity between -34 dB (dark blue) and -31dB (bright red). The
bright color shows the strong signal levels. On the other hand, the dark color shows the weak or
absent signal level. Figure 2.12 is a graph of intensity vs. frequency, and Figure 2.12 is
15

transformed from the power spectral density (PSD) in Figure 2.11. The frequency shift of the
cascade is less than that of the HF pump wave, the frequency of collapse is equal or slightly
higher than the frequency of the HF pump wave, and the frequency of the outshifted plasma line
(OPL) is higher than the frequency of the HF pump wave. The coexistence of both cascade and
collapse is observed.

Figure 2.11: Power spectral density. The color
bar shows the intensity of decay. cascade,
collapse, coexistence, and OPL are shown
on the figure.

Figure 2.12: Intensity vs. frequency graph
Cascade, collapse, coexistence, and
OPL on the Figure 2.11 is shown on the
figure.

2.4.2 Cascade
Cascade refers to the spectral feature of the PDI and the LDI (Depierreux et al., 2002)
lines. The cascade is observed at or below the PDI matching height (DuBois et al., 2001), where
just below the reflection height of the HF pump wave (Ashrafi et al., 2007). The first cascade
line shows the LW due to PDI, and the next cascade lines show LWs due to LDI (Fejer, 1979).
The cascade lines in the spectrum are only odd multiples of the LW frequencies. Since the even
multiples of LWs are negative, cascade lines of those LWs are not visible within the spectral
bandwidth of the receiver channel (Kohl et al., 1993). The frequency difference between the
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cascade lines is about twice the frequency difference between the HF pump wave frequency and
frequency of the first cascade line, and also the difference between cascade lines is twice the
frequency of the IAW (Kohl and Rietveld, 1996). The cascading process continues as long as the
threshold for the decay is exceeded. The input power affects the number of the cascade lines
(Stubbe, et al., 1992). The observation of multiple cascade lines demonstrates that the electric
field of the HF pump wave is enhanced near the reflection height. The continual enhancements
are most visible at close to the magnetic field lines (Isham, et al., 1999, and Kosch et al., 2004).
The spectral width of the cascade is associated with the electron and ion temperature, and the
total spectral power is proportional to the electron density (Forme and Fontaine, 1999).

Figure 2.13: Schematic diagram of the decay (Fejer, 1979). The frequency of the nth LW, fl,n, is
fl,n = f0 – n fia. The spectrum shows only odd multiple cascade lines, which is the right side of the
graph.
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2.4.3 Collapse
The phenomenon of collapse occurs near the critical height where the cavitons are
created (DuBois et al., 1995). Cavitons are density cavities, which have the size of tens of meters
(Wong et al., 1987) and are created by the ponderomotive pressure (intensity) of electromagnetic
waves (Fejer et al., 1983). The cavity, formation and evolution, and collapse have been observed
during the HF heating. Duncan and Sheerin (1985) and Djuth (1994) observed the existence of
cavitons by heating experiment. The density cavities were formed near the reflection height of
the HF pump wave (Sheerin et al., 1982). The production of cavitons leads to a process of
enhancement of IAW in the ionosphere (Wong et al., 1987), and also the cavitons lead to a
resonant excitation. The ponderomotive pressure deepens the density cavity, intensifying the
localized field, and leading to collapse (DuBois et al., 2001). DuBois et al. also describe that the
eigenfrequencies of the mode of the collapse, which decrease to below the plasma frequency
during collapse, generating the downshifted caviton continuum. Most of the electrostatic energy
is dissipated by caviton collapse (DuBois et al., 1991). Moreover, DuBois et al. explain that the
collapse process is apparent for approximately a microsecond after switch-off. The collapse
instability occurs more rapidly at greater peak intensities.

2.4.4 Coexistence
The coexistence of the cascade and collapse exists at the PDI matching height and density
(Hanssen et al., 1992; DuBois et al., 1991 and 1993). The collapse produces the spectral
signatures near the reflection height, and the cascade is generated at or below the PDI matching
height (DuBois et al., 2001).
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2.4.5 Outshifted Plasma Line (OPL)
The outshifted plasma line (OPL) refers to the LW with a large spectral width which is
shifted beyond the frequency of the HF pump wave (Isham et al., 1996). The accelerated
electrons associated with collapse generate LWs with the larger frequencies resulting in OPL.
The large spectral width of OPL is from 100 kHz to 200 kHz, and the shift of the frequency is
about 300 kHz higher than the frequency of the HF pump waves (Mishin et al., 1997). The height
OPL is originated is several kilometers above the reflection height of the HF missions (Cheung
et al., 1992).

2.5 UHF Transmission of Diagnostic MUIR Radar
Bragg Scattering from the IAW due to the HF pump wave decay with half UHF radar
wavelength produces the UHF backscatter (Stubbe et al., 1996); hence, the wave vector of the
HF pump wave is twice as much as the wave vector of the UHF wave (Rietveld et al., 2000).
kl = 2kUHF
where

(10)

kUHF [m-1]: Wave number of the UHF radar
kl [m-1]: Wave number of the LW

When MUIR observes decay of waves, the scattered return signal is Doppler shifted
(Kohl et al., 1993), and this is shifted by
ωD = 2 kradar vIAW-phase = 2 kradar (ωIAW / kIAW) = ωIAW,

(2 kradar = kIAW)

(11)
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where
ωD [s-1]: Shift of the angular frequency
kradar [m-1]: Wave number of the UHF radar
vIAW-phase [m/s]: Phase velocity of the IAW
ωIAW [s-1]: Angular frequency of the IAW
kIAW [m-1]: Wave number of the IAW

2.6 Artificial Field Aligned Irregularities (AFAI)
One of the significant phenomena of the heating experiment is the production of fieldaligned striations, which is the generation of anisotropic small size of density disturbances.
These striations are therefore named the artificial field-aligned irregularities (AFAI). AFAI is
generated due to the nonlinear thermal parametric (resonance) instability (Blagoveshchenskaya
et al., 2011). When the HF pump wave is in O-mode and its frequency is lower than the critical
frequency, the thermal parametric (resonance) instability is excited at the Upper Hybrid
Resonance (UHR) altitude (Gurevich et al., 2001), a few kilometer below the reflection height of
the HF pump (Ashrafi et al., 2007). At UHR altitude, the frequency of the upper hybrid wave fUH
is shown as
fUH2 = f02 = fp2 + fb2

(12)

where fUH [Hz]: UHR frequency
f0 [Hz]: HF pump frequency
fp [Hz]: Local plasma frequency
fb [Hz]: Gyro-cyclotron frequency
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The upper hybrid wave is produced by the linear transformation of the HF waves of the
pump at the density depletions in the striations, and this is processed in the striations (Gurevich
et al., 2001). When the upper hybrid wave propagates close to perpendicular to the magnetic
field line, the upper hybrid wave loses energy, and the energy loss heats electrons, and the
thermal parametric (resonance) instability occurs and excites AFAI (Gurevich et al., 1976).
AFAIs are frequently generated at high latitude, and toward magnetic zenith in the F region
(Kosch et al., 2000), and the strong enhancement of AFAI occurs when the HF transmission is
along to the magnetic field line (Pedersen et al., 2003). In addition, AFAI is generated with
longer pulses (Kendall et al., 2010). The anomalous absorption of HF transmissions on striations
heat electrons in the area (Gurevich et al., 2001). The width of the absorption, ∆UH, is shown
(Gurevich et al., 2005) as
∆UH ≤ ZL – zUH ≈ (fb2 / 2f02) L0
where

(13)

ZL [m]: Reflection height of the HF pump
zUH [m]: Upper hybrid resonance height
fb [m]: Gyro-cyclotron frequency
f0 [m]: HF pump frequency
L0 [m]: Characteristic scale of electron temperature

AFAIs were observed with 100 ms pulse-length and 1s interpulse period (IPP) HF pump
pulsing in the HAARP experiments in 2009, and it considers that those longer pulses generate
AFAI (Adham et al., 2010). Adham, et al., explain that a short pulse mode, 60 ms or less, low
duty cycle, less than 1%, suppress AFAI. In our experiment at HAARP in 2011, there was no
detection of AFAI monitored by the Super DARN radar.
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3. Experimental Setup
3.1 HF Transmissions
We performed experiments at HAARP in Gakona, Alaska (latitude 62.39˚ N and
longitude 145.15˚ W), in July 2011. We transmitted the HF pump wave into the F2 region of the
ionosphere with O-mode polarization to excite Strong Langmuir Turbulence (SLT). We selected
4.2 MHz as the frequency of HF transmission, to be below than the critical frequency f0F2 and
around third electron gyro-harmonic frequency. The maximum transmitter power used was 3.6
MW, giving an effective radiated power (ERP) of 88.8 dBW relative to one (1) Watt or 800 MW
for the antenna gain of 23.4 dB at 4.2 MHz.
We used short HF pulses (< 100 ms) and low duty cycle (< 1%) HF transmissions. Table
3.1 shows power, gain, inter-pulse period (IPP), duty cycle, on-time and off-time of pulsing we
used during the experiment, and Table 3.2 shows experimental date and time, HF angle, and
UHF angle. Figures 3.1, 3.2, and 3.3 show the beam pattern of HF transmission with 4.2 MHz at
HF 7˚and azimuth 202˚ from HAARP, the intensity of the beam pattern of HF transmission, and
the pattern gain, respectively.
We selected HF pointing angles 7˚ - 11˚- 14˚ for most experiments plus 0˚ and 7˚ - 11˚14˚ for some experimental runs, and the azimuth of the HF pump wave was 202˚ (the meridional
plane). We selected UHF look angles (a) 9˚-12˚-15˚, (b) 9˚-15˚-24˚, (c) 6˚-12˚-15˚, (d) 0˚-6˚-15˚,
(e) 3˚-22˚, (f) 15˚, and (g) 6˚-15˚- 22˚, with the azimuth of the UHF look angle at 205˚ (the
closest discrete value to the meridional plane). We chose 60 millisecond pulses, with a 12 second
inter-pulse period (IPP) to avoid AFAI and 5 minutes sequence (pulsing for 4 minutes and off for
1 minute). Figure 3.4 shows the HF transmission at 7˚ - 11˚- 14˚.
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Power
(MW)
3.6

Gain
(dBW)
88.8

IPP
ON
60 ms

OFF
11.94 s

Duty Cycle
(%)
0.5

Pulsing
ON
OFF
4 min
1 min

Table 3.1: Power, Gain, HF IPP, Duty Cycle, Pulse interval for all
experiments July 2011 at HAARP. We used the same values for all
experiments.

Date

(DDMMYYYY)
7/19/2011
7/22/2011
7/23/2011
7/24/2011
7/24/2011
7/25/2011
7/25/2011
7/26/2011
7/26/2011

Time (UT)

(HH:MM:SS)
02:15:00 02:49:48
01:55:00 - 2:54:48
No experiment
01:45:00 02:34:48
03:10:00 03:59:48
01:15:00 02:29:48
03:05:00 03:44:48
01:35:00 02:24:48
05:55:00 06:24:48

HF
Frequency
(MHz)

HF angle
from
vertical
(deg)

UHF angle
from
vertical
(deg)

5.2
4.2
NA

7, 11, 14
7, 11, 14
NA

9, 12, 15
9, 12, 15
NA

4.2

0, 7, 14

0, 6, 15

4.2

0

0, 6, 15

4.8

0

22, 3

4.2

7, 11, 14

6, 12, 15

4.8

7, 11, 14

15

4.2

7, 11, 14

6, 15, 22

Table 3.2: HF frequency, HF angles of transmission and UHF angles of MUIR
for each experimental time of the HAARP experiments 2011. The HF frequencies were selected close to a gyro-frequency harmonic. HF angles were vertical
or between the Spitze angle and the magnetic zenith angle. UHF angles were
vertical or between the Spitze angle and the magnetic zenith angle.
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Figure 3.1: HAARP Beam pattern display with
4.2 MHz, HF angle 7o, azimuth 202˚,

Figure 3.2: Intensity of HAARP Beam

Figure 3.3: Pattern gain for angle from beam max.

24

HF
14˚ 11˚ 7˚

W
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N
E

Figure 3.4: HF transmissions at HF 7˚, 11˚, and 14˚ southward.

3.2 Diagnostics for the Observations
The HF waves are transmitted in the early evening when the ionosphere enjoys quiescent
conditions. During the day, the ultraviolet light from the sun is absorbed by atoms and creates
ion and electron pairs in the ionosphere. Electrons may cause reflection and absorption of radio
waves.
Observations of the decay of the HF pump wave were obtained by four diagnostic tools:
Modular UHF Ionospheric Radar (MUIR ), stimulated electromagnetic emissions (SEE)
receivers on the ground, ionosonde, and the Super DARN HF radar based in Kodiak, AK.
Figure 3.5 shows the transmission and receiving of the waves.
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Figure 3.5: Diagnostics for the observation; MUIR (Modular UHF Ionospheric Radar), SEE
(Stimulated electromagnetic emissions), ionosonde, and Super DARN.

3.2.1 Modular UHF Ionospheric Radar (MUIR)
To detect the decay due of the HF pump wave in the ionosphere, the Modular UHF
Ionospheric Radar (MUIR) is used. The MUIR is located at HAARP in Gakona, Alaska. The
frequency of the transmission of MUIR is 446 MHz. MUIR sends and receives the backscattered
wave of the radar pulse. It records enhanced LW and IAW. The time delay between the UHF
transmission and receiving the backscatter echo provides the reflection height.
According to Sheerin et al. (2003), the difference between the frequency MUIR transmits
and the frequency MUIR receives is close to the HF pump frequency. Figure 3.6 illustrates the
plasma lines and ion lines in backscatter radar spectrum, and it describes the relationship among
the frequency of the HF transmission, radar wave frequency, frequency of LW, and frequency of
IAW. The difference between the radar frequency and the plasma line channels is closed the
frequency of the HF transmission. The backscatter spectrum shows only upshifted plasma lines
which are cascade lines of odd multiples of the LW because the negative wave number of even
multiples of the LW does not match the radar wave number (Kohl et al., 1992).
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MUIR Radar Data

ω R+ ω 0

Generation of HF (ω0) Pumped
Plasma-Lines and Ion-Lines in
Backscatter Radar Spectra (ωR,kR)
First Order Ion Line and Plasma Line
Radar
Wave
EM(ω R )  Scatter Plasma Line
Pump
 → EM(ω R ± ω 0 m ω IAR )
EP (ω − ω IAR ) 
Wave PDI  1 0
EM 0 (ω 0 ) → Electrostatic
IA ( ω )  Scatter
 1 IAR → EM(ω ± ω )

R
IAR
EM(ω R ) 
Ion Line
Radar
Wave

ωR
0

Time (S)

1

ωR - ω0
Figure 3.6: MUIR radar data (Sheerin et al., 2003). The plasma lines and ion lines are in the
backscatter spectra. The difference between the radar frequency and the plasma line channel is
close to the frequency of the HF transmission.

3.2.2 Stimulated Electromagnetic Emissions
Stimulated electromagnetic emissions (SEE) detects HF waves which escape by
combination with parametric decay, electrostatic ion-cyclotron wave, a slow magnetosonic wave,
an ion-acoustic wave, or a lower hybrid wave (Briczinski et al., 2011). The SEE shows spectra of
HF waves which are shifted up to a few kilohertz from the frequency of the HF transmissions
(http://www. physics.irfu.se/index.html). Most of the SEE spectra depend on the frequency of
HF transmission in relation to the electron cyclotron frequency (Leyser et al.,1989, 1990; Stubbe
et al., 1994; Honary et al., 1999; and Cheung et al., 1998) and the critical frequency (Leyser et al.,
1990). SEE receivers were provided by the Naval Research Laboratory (NRL).
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3.2.3 The Ionosonde
The ionosonde is comprised of HF transmitter and receiver. The transmitter sends HF
diagnostic wave of varying frequencies into the ionosphere and these transmitted HF waves are
reflected at the altitude where the frequency of the HF wave is equal to the plasma frequency in
the ionosphere. By measuring the time delay of each pulse, the reflection height can be calculated. Also, the point of reflection of the transmitted waves is associated with the density of the
ions and electrons (Kivelson and Russell, 1995). The online data of HAARP ionosonde is updated every 5 minutes on HAARP web site (http://digisonde.haarp.alaska.edu/latestFrames.htm).
It is used to predict the appropriate frequency of HF transmission.

3.2.4 Super Dual Auroral Radar Network (Super DARN)
The artificial field-aligned irregularities (AFAI) are detected and monitored by the
Kodiak HF radar, a part of the Super Dual Auroral Radar Network (Super DARN), which is
located on Kodiak Island, Alaska, 660 km southwest of the HAARP facility (Greenwald et al.,
1995). The Super DARN radar transmits HF diagnostic radar beams to observe the region where
HF is transmitted in the ionosphere, and it detects the irregularities using HF backscatter
(Briczinski et al., 2011). The central beam is directed over the HAARP facility (Hughes et al.,
2003). The radar detects the AFAI with the HF backscatter (Briczinski et al., 2011), echoes of
the plasma irregularities in the E and F regions, groundscatter, and meteors. The radar analyzes
the ionosphere conditions and plasma wave of high altitude (Greenwald et al., 1995). The beam
pattern of the Super DARN radar is narrow in the horizontal direction. The radar beam pattern is
within 6˚ in the horizontal and within 30˚ in the vertical. The 52˚ azimuth scan covers 180 to
3555 km in range in the Earth’s polar regions. The radar frequency range is between 8 and 20
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MHz (http://superdarn.jhuapl.edu/info/info.html). The plot of Super DARN is shown in Figure
3.7.

Figure 3.7: SuperDARN Kodiak time series from 22:00 UT to 00:00 UT on July 24, 2011. The
range of power units is from 0 to 30 dB, the range of plot distance is from 150 km to 800 km
(http://superdarn.jhuapl.edu/info/info.html)
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3.3 The Natural Conditions of the Ionosphere for the 2011 Experiments
It is important to know the natural conditions of the ionosphere for the experiments.
HAARP uses multiple scientific instruments to research the geomagnetic condition of the earth
and radio propagation condition. We used HAARP HF ionosonde, riometer, and magnetometers
to record the natural conditions for the HAARP 2011 experiments.
3.3.1 Space weather effects on the local ionosphere
Space weather affects the background conditions of the local ionosphere. The Table 3.3
shows the space weather from July 20 through July 25, 2011. The conditions on July 20 and July
21 were performed with lower fOF2 peaks, and there were occasional absorption on July 25.
Date
(MM/DD/YYYYY)
7/20/2011
7/21/2011
7/22/2011
7/23/2011
7/24/2011
7/25/2011

Space weather (HAARP presentation by Prof. name ?? )
slightly disturbed condition with lower electron densities
lower electron densities
recovery to quieter conditions / trough
solar temperature decrease / polar mesospheric clouds at 75 to 85km
altitude and 50 to 70degrees latitude
2 MeV electrons
occasional absorptions

Table 3.3: The space weather on the experiment dates.

3.3.2 HAARP HF ionosonde
The HAARP HF ionosonde shows the real-time density profile of the ionosphere, and it
shows the wave frequency that is reflected at each altitude. This ionosonde is useful to select the
frequency of the HF transmission.
The ionosonde shows the electron density profile. The ionogram shown in the Figure 3.8
is a plot of the elapsed time (converted to apparent range) versus ionosonde frequency.
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According to the ionosonde at 03:05:00 UT on July 25, 2011 on the Figure 3.8, the critical
frequency was 5.075 MHz around 240 km in altitude. The critical frequency is shown as f0F2
value on top of the left side chart of the figure. In that case, 5.075 MHz was the highest
frequency which is reflected in the F2 region. We selected the 4.2 MHz for the HF transmission,
which is below the critical frequency to remain reflecting and around the 3rd gyro-harmonic
frequency.
The red dots on the figure show the O-mode (right circle polarization). The dots which
are shown at lower altitude are reflected with lower frequency at lower altitude. The green dots
on the figure show the X-mode (left circle polarization). As the Figure 3.8 shows, the red points
appear from 2.8 MHz to 5.1 MHz and from two apparent altitudes, 210 km and 590 km, and
green plots appear from 5.0 MHz to 5.8 MHz, from two apparent altitudes, 340 km and 530 km.
This indicates that the HF transmitted waves are reflected twice, which means that after being
reflected in the ionosphere, it returns to the ground and then it is reflected in the ionosphere again.
The red and green points which are plotted upper altitudes show the second reflection. This
observation of a “double-hop” is often observed under the condition with very low ionospheric
absorption.
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Figure 3.8: The real-time data of HAARP ionosonde shows apparent reflection height (km)
versus ionosonde frequency (MHz). The ionosonde is updated every 5 minutes on HAARP web
site (http://digisonde.haarp.alaska.edu/latestFrames.htm). It is useful to predict appropriate
frequency of HF transmission. The black line is the ionosonde computed plasma frequency vs.
true height. The red dots the O-mode (right circle polarization). The dots which are shown at
lower altitude are reflected at lower frequency at lower altitude. The green dots on the figure
show the X-mode (left circle polarization).

3.3.3 VHF riometer
The VHF riometer plot continually updates on web site of HAARP (http://www.haarp.
alaska.edu/cgi-bin/riometer/riom2_sel.cgi) displaying absorption, detector signal, and quiet day
curve as a function of time. Figure 3.9 shows the VHF riometer traces. The absorption is
evaluated from the relationship between the detector signal and quiet day curve. The noise level
the detector signal shows associates with the absorption. The riometer measures the cosmic noise,
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and the measurement depends on the condition of the ionosphere. If the ionosphere absorbs
cosmic noise, the radio signals from cosmic do not arrive at the riometer so that the cosmic noise
is not measured by the riometer. If the ionosphere does not absorb cosmic noise, the radio signals
from cosmic pass through the ionosphere so that the riometer measures the cosmic noise. The
“quiet” curve on the figure displays the average minimum absorption for the ionosphere that is
stable and quiescent. When the detector signal is less than the quiet curve, it indicates that the
ionosphere absorbs some of the signals so that the absorption level is shown on the figure. The
ionospheric absorption shown in Figure 3.9, is evaluated using the difference between the noise
power and the expected power. The riometer at HAARP uses VHF wave near 30 MHz and
measures 30 kHz for the total power in a bandwidth.
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Figure 3.9: The VHF riometer by HAARP on-line data (http://www.haarp. alaska.edu/cgibin/riometer/riom2_sel.cgi) from 00:00 UT on July 25, 2011 to 00:00 UT on July 26, 2011. The
riometer shows that the ionosphere had high absorption during the experimental time, 03:05:00
UT to 03:43:48 UT.

3.3.4 The Magnetometer
As the Figure 3.10 shows, the magnetometer plot is updated on HAARP web site
(http://www.haarp.alaska.edu/ cgi-bin/magnetometer/gak-mag.cgi) and this shows Earth’s
magnetic field each hour for three traces of mutually orthogonal components. “H” component
(black trace) shows positive magnetic northward, “D” component (red trace) shows positive
eastward, and “Z” component (blue trace) shows positive downward. Earth’s magnetic field
shows geomagnetic storminess so that the ionospheric disturbance can be found with analyzing
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of three component of the magnetic field. This plot is also useful to predict the strength of
magnetic activity due to solar-wind.

Figure 3.10 The magnetometer trace from HAARP online data (http://www.haarp.alaska.edu/
cgi-bin/magnetometer/gak-mag.cgi), from 00:00 UT on July 25, 2011 to 00:00 UT on July 26,
2011.

35

4. Results
4.1 Observations
In our experiment, at HAARP (latitude 62.39˚ N and longitude 145.15˚ W), in July 2011,
we transmitted HF waves into the F2 region of the ionosphere with O-mode polarization to
excite and observe Strong Langmuir Turbulence (SLT). We selected short HF pulses (< 100 ms),
low duty cycle (< 1 %), using full power (3.6 MW transmitter with 23.4 dB gain). The pointing
angle was varied between the critical Spitze angle 7˚ and the magnetic zenith angle 15˚, with
azimuth 202˚. To observe SLT, we used diagnostic tools: MUIR, SEE, and Super DARN.
MUIR transmitted the UHF waves and received the backscattered waves from each pulse.
The angle of the UHF pointing was varied between the Spitze angle and the magnetic zenith
angle all along azimuth 205˚. SEE detected the HF electromagnetic waves from SLT, avoiding
features that appear with longer pulses. The Super DARN transmitted 7o radar beams and
observed AFAI in the HF backscatter.

July 24, 2011 Observations
From 01:45:00 UT through 02:34:48 UT, the HF frequency was 4.2 MHz, the power was
3.6 MW, and the ERP was 88.8 dBW. The HF pointing angles were 0˚, 7˚, and 14˚ southward
with respect to vertical with a 60 ms pulse, 11.940 sec IPP (a duty cycle of 0.5 %), a 5 min
sequence (4 min on and 1 min off) while UHF was pointing at 0˚, 6˚, and 15˚. Weak coexistence
and outshifted plasma line (OPL) were observed when the HF angle was 7˚ and 14˚ but only at
UHF angle 15˚. No detections were observed at HF of 0˚ for any UHF angle.
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From 03:10:00 UT through 03:59:48 UT, the HF frequency was 4.2 MHz, the power was 3.6
MW, and the ERP was 88.8 dBW. The HF pointing angles was 0˚ with a 60 ms pulse, 11.940 sec
IPP, and 5 min sequence (4min on and 1 min off) while UHF was pointing at 0˚, 6˚, and 15˚.
There were no signals detected for these parameters.
July 25, 2011 Observations
From 01:15:00 UT through 02:29:48 UT, the HF frequency was 4.8 MHz, the power was
3.6 MW, and the ERP was 91 dBW (1260 MW with the higher gain of 25.3). The HF pointing
angle was 0˚ with a 60 ms pulse, 11.940 sec IPP (a duty cycle of 0.5 %), and a 5 min sequence
(4min pulsing and 1 min off) while UHF was pointing at 22˚ and 3˚. Most of the observations did
not reveal detections, however, some spectra were observed from 02:20:00 UT through 02:29:48
UT. During the time, when the HF angle was 7˚ and 14˚, the weak coexistence and OPL were
observed only at UHF angle 15˚, and no detections were observed at UHF at 0˚ and 6˚.
From 03:05:00 UT through 03:44:48 UT, the HF frequency was 4.2 MHz, the power was
3.6 MW, and the ERP was 88.8 dB. The HF pointing angles were 7˚, 11, and 14˚ with a 60 ms
pulse, 11.940 sec IPP, and a 5 min sequence (4 min pulsing and 1 min off) while UHF was
pointing at 6˚, 12˚, and 15˚. There were detections in most of these experimental times. Figures
4.1, 4.2, and 4.3 show the spectra of these observations.
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Figure 4.1: Spectra for HF of 14˚ and a) UHF of 15˚, b) UHF of 12˚, and c) UHF of 6˚ from
03:17:42 UT to 03:18:32 UT. Intensity (in dB) and broad spectrum width was observed when
UHF was at 15˚. Intensity of cascade lines was stronger at UHF of 15˚ than UHF of 12˚. At UHF
of 6˚ most of the cascades were missing.
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Figure 4.2: Spectra for HF at 7˚ and a) UHF at 15˚, b) UHF at 12˚, and c) UHF at 6˚ from
03:21:57 UT to 03:22:47 UT. Cascade lines were observed at UHF of 15˚, 12˚ and 6˚. Strong
cascades were observed at HF of 7˚ although most of the cascades were missing at UHF of 6˚.
Strong and broad spectrum width was observed when UHF was 15˚. Cascade lines were stronger
at UHF of 15˚ than UHF of 12˚. At UHF of 6˚ most of cascades were missing.
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Figure 4.3: Spectra for HF of 11˚ and a) UHF at 15˚, b) UHF at 12˚, and c) UHF at 6˚ from
03:26:14 UT to 03:27:05 UT. Very strong cascades were observed at UHF of 15˚. Strong
cascades were observed at UHF of 12˚; however, intensity and width of spectrum of cascade
were stronger at UHF of 15˚ than 12˚. Most of cascades were missing at UHF of 6˚.
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4. 2 Observations of Cascade
Strong cascades were observed on July 25, 2011. Experiment times with comments are
described in Table 4.1.
From 03:05:00 UT to 03:08:48 UT, at HF pointing of 7°, all cascades at UHF at 6°, 12°,
and 15° were weak. Cascade intensities measured at UHF of 15° varied relative to observations
at UHF at 12°. The intensity of cascade at UHF of 15° was comparable to observations with
UHF at 12°. The strong intensity at this pointing was made around 4.2 MHz at all UHF angles:
15°, 12°, and 6°. The maximum frequency width of the strong intensity at UHF of 15° was 8 kHz
(from 4.190 to 4.200 MHz).
From 03:10:00 UT to 03:13:48 UT, at HF of 11°, all cascades at UHF pointing 12°, and
15° were weak, and the cascades at UHF angle 6° were very weak. Cascades at UHF of 15° were
stronger than UHF of 12°. The maximum frequency width of the strong intensity at UHF of 15°
was 15 kHz (from 4.185 to 4.200 MHz). When comparing cascades at HF of 7° and UHF of 15°
with cascades at HF of 11° and UHF of 15°, the cascades at HF of 11° and UHF of 15° were
stronger.
From 03:15:00 UT to 03:18:48 UT, at HF of 14°, cascades with UHF at 15° were strong.
Cascades at UHF of 12° were weak, and cascades at UHF of 6° were very weak or missing. The
maximum frequency width of the strong intensity at UHF of 15° was 40 kHz (from 4.160 to
4.200 MHz).
From 03:20:00 UT to 03:23:48 UT, at HF of 7°, cascades at UHF of 12°and 15° were
strong, and most of cascades at UHF of 6° were absent. Cascades at UHF of 15° varied
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compared to UHF of 12°.The frequency separation of the strong intensity at UHF of 15° was 38
kHz (from 4.165 to 4.200 MHz).
From 03:25:00 UT to 03:28:48 UT, at HF of 11°, cascades with strong intensity were
observed at both UHF of 15° and UHF of 12°. The intensity of cascade was stronger at UHF of
15° than UHF of 12°. The broad frequency band of cascade was observed at UHF of 15°.
Cascade at UHF of 6° were very weak or missing. The maximum frequency width of the strong
intensity at UHF of 15° was 50 kHz (from 4.150 to 4.200 MHz), and the width at UHF of 12°
was 40 kHz (from 4.169 to 4.200 MHz).
From 03:30:00 UT to 03:34:48 UT, at HF of 14°, cascades at UHF of 15° were strong,
cascades at UHF 12° were weak, and all cascades at UHF of 6° are missing. The maximum
frequency range of the strong intensity at UHF of 15° was 37 kHz (from 4.163 to 4.200 MHz),
and the strong intensity of UHF of 12° was around but below 4.2 MHz. In addition, three
cascade lines were observed at UHF of 15°.
From 03:35:00 UT to 03:38:48 UT, at HF of 7°, cascades at UHF of 15° were strong,
cascades at UHF of 12° were weak, and all cascades at UHF of 6° were missing. Cascades at
UHF of 15° were stronger than UHF of 12°, and there were a few strong cascades at UHF of 12°.
The maximum frequency range of the strong intensity at UHF of 15° was 30 kHz (from 4.170 to
4.200 MHz). In addition, three cascade lines are observed at UHF of 15°.
From 03:40:00 UT to 03:43:48 UT, at HF of 11°, cascades at UHF of 15° were strong,
cascades at UHF of 12° were weak, and all cascades at UHF of 6° were missing. Cascades at
UHF of 15° were stronger than UHF of 12°, and there were a few strong cascades at UHF of 12°.
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The maximum frequency range of the strong intensity at UHF of 15° was 26 kHz (from 4.174 to
4.200 MHz). In addition, three cascade lines were observed at UHF of 15°.
We review the findings of observations of the cascade spectra. When the HF angle was 7˚,
the strong intensity of the cascade was observed at UHF of 15˚ routinely; however, most of the
cascades at UHF of 12˚ and UHF of 6˚ were weak or not detected. When the HF angle was 11˚,
cascade with strong intensity was observed at both UHF of 15˚ and UHF of 12˚. Most of the
observation at HF of 11˚, intensity of the cascade was stronger at UHF of 15˚ than UHF of 12˚,
and also the long frequency width of cascade was observed at UHF of 15˚. When the HF angle
was 14˚, the cascade was very strong at UHF of 15˚ for most of the observations; however, most
of the cascades at UHF of 12˚ and UHF of 6˚ were weak or missing. For all HF angles, 7°, 11°,
and 14° strong cascade was observed at UHF of 15°. There were observations of multiple
cascade lines. Most of the multiple cascade lines were observed at HF of 11° and UHF of 12°.
Figure 4.4 shows the observation of the multiple cascade lines 03:28:36 UT on July 25, 2011.
There were observations for each cycle of the HF transmission, the first cycle 7° - 11°
from 03:05:00 UT to 03:13:48 UT, the second cycle 14° - 7° - 11° from 03:15:00 UT to 03:28:48
UT, and the third cycle 14°- 7° - 11° from 03:30:00 UT to 03:43:48 UT. During the second cycle,
the intensity of the cascades was stronger than other cycles. The intensity became stronger just
before the HF pump wave was turned off at HF of 11° at the first cycle and HF of 7° at the
second term. On the other hand, the intensity became weaker just before the HF pump wave was
turned off at HF of 14° at the second cycle.
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HF
7
11
14
7
11
14
7
11

time(UT)
03:05:0003:08:48
03:10:0003:13:48
03:15:0003:18:48
03:20:0003:23:48
03:25:0003:28:48
03:30:0003:34:00
03:35:0003:38:48
03:40:0003:43:48

Cascade
UHF 15˚(weak)=UHF 12˚ (weak), UHF 15˚ (weak)>UHF 12˚ (weak),
UHF 15˚ (weak)<UHF 12˚ (weak), weak and short cascade at 6˚
UHF 15˚ (weak) > UHF 12˚ (weak), very weak or missing at UHF 6˚
UHF 15˚ (strong, long)>UHF 12˚ (weak), very weak or missing at UHF 6˚
UHF 15˚ (strong) >UHF 12˚ (strong), UHF 15˚ (strong)<UHF 12˚ (strong),
UHF 15˚ (strong)=UHF 12˚ (strong), most of cascade are missing at UHF 6˚
UHF 15˚ (strong, long)=UHF 12˚ (strong),
UHF 15˚ (strong, long)>UHF 12˚ (strong), very weak or missing at UHF 6˚
UHF 15˚ (strong)>UHF 12˚ (weak), UHF 15˚ (weak)>UHF 12˚ (weak),
all are missing at UHF 6˚
UHF 15˚ (strong)>UHF 12˚ (strong), UHF 15˚ (weak)>UHF 12˚ (weak),
UHF 15˚ (weak)=UHF 12˚ (weak)
UHF 15˚ (strong)>UHF 12˚ (weak), UHF 15˚ (weak)>UHF 12˚ (weak),
a few strong cascades at UHF 12˚, all are missing at UHF 6 ˚

Table 4.1: The observation of cascade at HF of 7˚, 11˚, and 14˚ from 03:05:00UT to 03:43:48UT
on July 25, 2011. Strong spectra were observed at HF of 7°, 11°, 14° at UHF of 15°. When
comparing the intensity of the spectrum among HF of 7˚, 11˚, and 14˚, there were strong spectra
at HF of 11˚ and 14˚.

Figure 4.4: The Power Spectrum Density at HF of 11° and UHF of 12° from 03:27:58 UT on
July 25, 2011, cascade at the left side at 03:28:36 UT has three lines.
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4.3 Observations of Collapse
Experiment times and comments are described in Table 4.2. All collapses were observed
at UHF of 15°.
From 03:05:00 UT to 03:08:48 UT, at HF of 7°, collapses at UHF of 15° and UHF of 12°
were weak, and collapses at UHF of 6° were weak or missing. The number of the collapses were
greater at UHF of 6° than UHF of 12° and 15° ; however, the intensity of the collapses were
stronger at UHF of 15° than UHF of 12° and 6 ° for all observations.
From 03:10:00 UT to 03:13:48 UT, at HF of 11°, collapses at UHF of 15° were strong or
weak, collapses at UHF of 12° were weak, and collapses at UHF of 6° were weak or missing.
Collapses at UHF of 15° were stronger than UHF of 12°.
From 03:15:00 UT to 03:18:48 UT, at HF at 14°, collapses at UHF of 15° were strong,
collapses at UHF of 12° were strong or weak, and collapses at UHF of 6° were very weak or
missing. Collapses at UHF of 15° were stronger than UHF of 12°.
From 03:20:00 UT to 03:23:48 UT and from 03:25:00 UT to 03:28:48 UT, at HF of 7°,
collapses at UHF of 15° and UHF of 12o were strong and all collapses at UHF of 6° were
missing. Collapses at UHF of 15° were stronger than UHF of 12°, and the number of the
collapses at UHF of 15° was greater than either UHF of 12°.
From 03:30:00 UT to 03:34:48 UT, at HF of 14°, collapses at UHF of 15° are strong,
collapses at UHF of 12° were weak, and all collapses at UHF of 6° were missing. Collapses at
UHF of 15° were stronger than UHF of 12°.
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From 03:40:00 UT to 03:43:48 UT, at HF11°, collapses at UHF of 15° and UHF of 12o
were strong and all collapses at UHF of 6° were missing. Collapses at UHF of 15° were stronger
than for UHF of 12o.
Most of collapses at UHF of 15˚ were observed with strong intensity at all HF angles.
When the HF angle was 11˚ and 14˚ and the UHF angle was 15˚, then stronger collapses were
observed. There were some observations of the stronger intensity and many collapses at HF of 7˚
when UHF of was 15˚. When the UHF angle was 6˚, most of the observations were weak or not
detected. Figure 4.5 shows the observation of the collapse at 03:28:00 UT, 03:28:12 UT, and
03:28:24 UT on July 25, 2011.

HF
7
11
14
7
11
14
7
11

time (UT)
03:05:0003:08:48
03:10:0003:13:48
03:15:0003:18:48
03:20:0003:23:48
03:25:0003:28:48
03:30:0003:33:48
03:35:0003:38:48
03:40:0003:43:48

Collapse
15>12>6, missing at 6, number of collapse at 6 > 12> 15 for a
few times, but intensity of collapse is 15 >12 >6
15(strong or weak)>12(weak)>6(weak), missing at 6
15(strong)>12(strong or weak)>6(very weak), missing at 6
15(strong) > 12(strong), number of collapse is
15 > 12 or 15 = 12, missing at 6
15(strong) > 12(strong), number of collapse is
15 > 12 or 15 = 12, missing at 6
15(strong)>12(weak), missing at 6
15(weak)>12(weak)>6(weak)
15(strong)>12(weak), missing at 6

Table 4.2: The observation of collapse at HF of 7˚, 11˚, and 14˚ from 03:05:00UT to 03:43:48
UT for July 25, 2011.
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Figure 4.5: The Power Spectral Density at HF of 11˚ and UHF of 15˚ at 03:28:00 UT, 03:28:12
UT, and 03:28:24 UT on July 25, 2011. The collapse was observed at the same frequency as the
pump HF frequency, 4.2 MHz.

4.4. Observation of Coexistence of Cascade and Collapse
We observed the coexistence spectra at HF of 7°, 11°, and 14° when the UHF angle was
15°. When the HF angle was 14° and 11° and UHF angle was 15°, strong coexistence spectra
were observed. Coexistence was observed many times when the HF was 11° and 14°. When the

HF angle was 11°, strong coexistence spectra were observed at UHF of 15° and 12°. At HF of 7°
weak coexistence spectra were observed. Most coexistence spectra were missing when HF was
7° at UHF of 6°. Figure 4.6 shows the observation of the coexistence at 03:28:00 UT, 03:28:12
UT, and 03:28:24 UT on July 25, 2011.
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Figure 4.6: The Power Spectral Density at HF of 11˚ and UHF of 15˚ at 03:28:00 UT, 03:28:12
UT, and 03:28:24 UT on July 25, 2011. The coexistence was observed.

4.5 Observations of Outshifted Plasma Lines
The observations of OPL made at the experiment times with comments are described at
Table 4.3.
From 03:50:00 UT through 03:15:00 UT, at HF of 7, OPL was weak at UHF at 15˚ and
UHF at 12˚, and OPL was stronger at UHF at 15˚ than UHF at 12˚.
From 03:20:00 UT to 03:28:48 UT, at HF7˚ and HF11˚, OPL was strong at UHF15˚. At
HF of 11˚OPL was strong at both HF of 15˚ and HF at 12˚. OPL was stronger at UHF at 15˚ than
UHF at 12˚, and OPL was stronger at UHF at 12˚ than UHF at 15˚.
From 03:35:00 UT to 03:38:48 UT, at HF of 7˚, OPL was strong at UHF of 15˚ and UHF
of 12˚. OPLs were stronger at UHF at 15˚ than UHF of 12˚, and OPL was stronger at UHF at
12˚ than UHF at 15˚.
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From 03:40:00 UT to 03:43:48 UT, at HF of 11˚, OPL was weak at UHF of 15˚ and UHF
of 12˚. OPL was stronger at UHF of 15˚ than UHF at 12˚, and OPL was stronger at UHF at 12˚
than UHF at 15˚.
When the HF angle was 7˚, there were some strong OPLs at UHF of 15˚; however, most
of observations were weak or not detected at UHF of 12˚ and 6˚. When the HF angle was 11˚,
there were strong OPL at UHF of 15˚ for most of the observations, and there were some strong
OPLs at UHF of 12˚. When the HF of angle was 14˚, there were strong OPLs at UHF of 15˚ for
most of the observations. For the HF angles, 7°, 11°, and 14° strong cascades were observed at
UHF of 15°. On the other hand, observations of OPL at any HF angles were rarely observed at
UHF of 15°. Figure 4.7 shows the observation of OPL at HF of 11° and UHF of 15° at 03:28:00
UT, 03:28:12 UT, and 03:28:36 UT on July 25, 2011.

HF
7
11
14
7
11
14
7
11

time(UT)
03:05:0003:08:48
03:10:0003:13:48
03:15:0003:18:48
03:20:0003:23:48
03:25:0003:28:48
03:30:0003:34:00
03:35:0003:38:48
03:40:0003:43:48

OPL
15(very weak)=12(very weak)
most are weak at 15 and 12, 15>12, 15<12, 15=12
15(strong)>12(weak), some OPL at 15 are strong & long
15(strong)>12
15(strong, long)>12(strong), 15(strong)=12(strong)
15(strong)>12(weak), weak at 15 and missing at 15 and 12
15>12, 15(weak)=12(weak)
15>12(weak), 15(weak)=12(weak), 15(weak)=12(weak)

Table 4.3: The observation of OPL at HF at 7˚, 11˚, and 14˚ from 03:05:00UT to 03:43:48 UT
on July 25, 2011.
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Figure 4.7: The Power Spectral Density at HF of 11° and UHF of 15° at 03:28:00 UT, 03:28:12
UT, and 03:28:36 UT. OPL was observed.

4.6 Frequency of HF Transmission
We selected three different frequencies for the HF transmissions, 5.2 MHz on July 19,
2011, 4.8 MHz from 01:15:00 UT through 02:29:48 UT on July 25, and from 01:35:00 UT
through 02:24:48 UT on July 26, and 4.2 MHz 03:05:00 UT through 03:44:48 UT on July 25.
Those frequencies are shown in Table 4.2 in the section 4.1.
Signals measured with the frequency of the HF transmission at 5.2 MHz at HF angles 7˚,
11˚, and 14˚ and UHF angles 9˚, 12˚, 15˚ were weaker than measurements made at 4.2 MHz.
There were no detections when the frequency of the HF transmission was 4.8 MHz from
01:15:00 UT through 02:29:48 UT on July 25. The HF angle was 0˚ and the UHF angle was 22˚
and 3˚ during the experimental time. From 01:35:00 UT through 02:24:48 UT on July 26, there
were no detections with HF frequency of 4.8 MHz, at HF angles were 7˚, 11˚, and 14˚ and UHF
angle was 15˚.
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In other experiments, we selected 4.2 MHz for the HF transmission but varied the HF
angle and the UHF angle. There were no detections with HF of 4.2 MHz when HF was 0˚ and
UHF was 0˚, 6˚, and 15˚; however, some spectra were observed when the HF angle was 7˚ and
14˚ and only at UHF angle 15˚. Most of the observations with 4.2 MHz were obtained when HF
angle was 7˚, 11˚, and 14˚ and UHF angle was 12˚ and 15˚.
In summary, for certain HF and UHF angle, there were signal detections with the HF
transmission frequency 4.2 MHz, which is close to the third gyro-harmonic frequency.

4.7 The Natural Condition of the Ionosphere During the HAARP Experiments
4.7.1 AFAI
The short pulse (60 milliseconds) was supposed to avoid AFAI. The duty cycle in the
experiment was 0.5 %, (less than 1 %,) and we did not observe any AFAI during the experiment
because short duty cycle, (less than 1 %,) has been shown not to generate AFAI.

4.7.2 The ionosonde records during the experiment
The ionosonde the HAARP monitors the profile of the ionosphere. Figure 4.8 shows the
ionosonde at 02:40:00 UT on July 20, 2011, the experimental period. Figure 4.9 shows the
ionogram at HF of 11˚ for three experimental time, 03:10:00 UT, 03:25:00 UT, and 03:40:00 UT.
When comparing these three experimental times, the reflection height increased at the last
sequence, and also the critical frequency f0F2 increased at the last sequence. The absorption
level was slightly lower at the middle sequence than others. Figure 4.10 shows the ionogram at
HF of 7˚, 11˚, and 14˚ at experimental times when there were strong spectra. The reflection
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height was very close among those experimental times and shows low absorption for these
experiment periods.

Figure 4.8: The ionosonde by HAARP on-line data on July 20, 2011. The absence of reflected
pulses is due to high absorption of the transmitted pulses.
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a)

b)

c)
Figure 4.9: The ionosonde by HAARP online data for each sequence on July 25, 2011.Three
figures a), b), and c) are the ionograms taken when HF angle was 11˚. a) The ionosonde at
03:10:00 UT. b) The ionosonde at 03:20:00 UT. c) The ionosonde at 03:25:00 UT. The purple
line shows the height at the HF transmission, and the orange line shows the height at the critical
frequency f0F2. The reflection height increased at the last sequence. The f0F2 increased at the
last sequence. The absorption level was slightly lower at the middle sequence b), than others.
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b)

a)

c)
Figure 4.10: The ionosonde by HAARP online data for each sequence on July 25, 2011. a) The
ionosonde at 03:15:00 UT. HF angle was 14˚at the time. b) The ionosonde at 03:20:00 UT. HF
angle was 7˚ at the time. c) The ionosonde at 03:25:00 UT. HF angle was 14˚ at the time. The
purple line shows the height at the HF transmission, and the orange line shows the height at the
critical frequency f0F2. Those sequences from 03:15:00 UT to 03:29:48 UT had strong spectra.
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5. Discussion

5.1 Cascade
5.1.1 Observations of cascade
When the HF angle was 7˚, 11˚, and 14˚ the strong cascades were observed most of the
time when the UHF angle was 15˚. This result is consistent with the magnetic zenith (MZ) effect
described by Rietveld et al., (2003). This observation is also consistent with the description that
these enhancements are more easily detected close to the magnetic field lines (Isham et al.,
1999b; and Kosch et al., 2004). For all HF angles, when a strong cascade was observed at UHF
of 15˚, then multiple cascade lines were also observed at UHF of 12˚. It is believed that UHF
of 15˚ is the optimal angle to receive the strong signal than UHF at 12˚. Figure 5.1 a) and b)
show the Power Spectrum Density at HF of 11˚ and UHF of 15 ˚ and UHF of 12 ˚ at 03:26:48
UT, 03:27:00 UT, and 03:27:12 UT on July 25, 2011.
There were many observations of the cascade with strong intensity and multiple cascade
lines at HF of 14° and HF of 11° than HF of 7°. This result is consistent with the theory by
Hanssen et al. (1992) that the cascade lines are selected when the HF angle is further from
vertical. At the HAARP experimental campaigns in 2009 and 2010, many strong cascade lines
were observed for HF of 11˚ and HF of 14˚ than HF of 7o (Adham, 2010). Our results, obtained
for simultaneous multi-angle observations, are consistent with the results of the experiment.
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Figure 5.1: The Power Spectral Density at HF of 11˚ at UHF of 15 ˚ (a) and UHF of 12 ˚ (b) at
03:26:48 UT, 03:27:00 UT, and 03:27:12 UT on July 25, 2011. When the strong cascade was
observed at UHF of 15˚, the distinct cascade lines were observed at UHF of 12 ˚.

5.1.2 Observations of PDI and LDI
The PDI process, in which the HF transmission wave decays into LW and IAW, is
displayed as the cascade lines on the spectrum, and the frequency of the first cascade line is the
frequency of the LW due to the PDI (DuBois et al., 2001). Our observation of cascade lines in
our experimental campaign in 2011 demonstrates the PDI. As Figure 5.2 shows, the observation
with HF of 14˚ and UHF of 15˚ at 03:31:00 UT July 25, 2011 had multiple cascade lines, and the
frequency of the first cascade line was 4.198 MHz, therefore the frequency of the LW due to PDI
was 4.198 MHz. The frequency of the HF transmission was 4.200 MHz, then the frequency of
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the IAW is derived by HF frequency minus the frequency of LW measured (Fejer et al., 1979),
therefore, the IAW was 4.200 MHz – 4.198 MHz = 0.002 MHz, which is 2 kHz. (2 kHz is
approximately the frequency resolution of the computed spectra).
The multiple cascade lines demonstrate PDI and LDI (Depierreux et al., 2002) and the
frequency of the cascade lines are the frequency of LW due to PDI and LDI (Kohl et al., 1993).
Figure 5.2 shows five strong cascade lines at HF of 14˚ and UHF of 15˚ at 03:31:00 UT. The
frequency at the 1st cascade line is f1= 4.198 MHz, 2nd cascade line is f2 = 4.192 MHz, 3rd
cascade line is f3 = 4.187 MHz, and 4th cascade line is f4 = 4.180 MHz. The difference between
frequencies of the 1st and 2nd line is f12 = f1 – f2 = 6 kHz, the difference between frequencies of
2nd and 3rd lines is f23 = f2 – f3 = 5 kHz , and the difference between frequencies of 3rd and 4th
lines is f34 = f3 – f4 = 7 kHz. Each difference of frequencies is f12 ≈ f23 ≈ f34 ≈ 6 kHz.
The frequency difference between cascade lines is twice as large as the frequency of the
ion-acoustic waves (Kohl et al., 1992), f12 ≈ f23 ≈ f34 = 2 fia = 6 kHz; hence, the frequency of the
IAW is fia = 3 kHz.
Moreover, the frequency of the nth LW, fl,n, is fl,n = f0 – n fia (Fejer et al., 1979). At the
same experimental time the frequency of the HF transmission was f0 = 4.2 MHz and the
frequency of the ion-acoustic waves was fia = 3 kHz, and then the frequencies from first through
seventh Langmuir waves, f1 through f7 are considered as
fl,1 (1st up-shifted plasma line) = f0 – 1 fia = 4.2 MHz – 1(0.003 MHz) = 4.197 MHz,
fl,2 (1st down-shifted plasma line) = f0 – 2 fia = 4.2 MHz – 2(0.003 MHz) = 4.194 MHz,
fl,3 (2nd up-shifted plasma line)= f0 – 3 fia = 4.2 MHz – 3(0.003 MHz) = 4.191 MHz,
fl,4 (2nd down-shifted plasma line) = f0 – 4 fia = 4.2 MHz – 4(0.003 MHz) = 4.188 MHz,
fl,5 (3rd up-shifted plasma line)= f0 – 5 fia = 4.2 MHz – 5 (0.003 MHz) = 4.185 MHz,
fl,6 (3rd down-shifted plasma line)= f0 – 6 fia = 4.2 MHz – 6 (0.003 MHz) = 4.182 MHz,
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fl,7 (4th up-shifted plasma line)= f0 – 7 fia = 4.2 MHz – 7 (0.003 MHz) = 4.179 MHz.
Since the frequencies of the 2nd, 4th, and 6th LW are the down-shifted plasma lines which
have negative wave number, the backscatter spectrum with the receiver channel does not show
those lines (Kohl et al., 1992). The spectrum shows only the up-shifted plasma lines, which are
the odd number of Langmuir waves. Hence, the frequencies of the 1st LW fl,1, the 3rd LW fl,3, the
5th LW fl,5, and the 7th LW fl,7 correspond with the frequency of the 1st cascade line f1, the 2nd
cascade line f2, the 3rd cascade line f3, and the 4th cascade line f4 of the spectrum. Comparing the
frequency of cascade lines on the spectrum and the frequency due to the calculations: f1= 4.198
MHz and fl,1 = 4.197 MHz, f2 = 4.192 MHz and fl,3 = 4.191 MHz, f3 = 4.187 MHz and fl,5 =
4.185 MHz, and f4 = 4.180 MHz and fl,7 = 4.179 MHz. From these comparisons we can conclude
that the observation verified the theory of the PDI and LDI and consistent with the schematic
diagram for decay by Fejer et al. (1979) in the section 2.4.2.
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Figure 5.2: The Power Spectrum Density at HF of 14° and UHF of 15°at 03:31:00 UT has five
strong lines.

5.1.3 Matching height of PDI
Since the PDI matching height is the same as the Upper Hybrid Resonance (UHR) height
(Robinson et al., 1989), the height is obtained from the ionogram using the local plasma
frequency at the UHR height. The plasma frequency at the UHR height is derived by fp = (fHF –
fb)1/2 (Rietveld et al., 2003), where fp is the plasma frequency at UHR height, fHF is the HF
frequency, and fb is the gyro-harmonic frequency. This value is also the frequency of the LW due
to the PDI, and this frequency of LW is close to the frequency of the LW observation of 4.198
MHz. This result is consistent with the description by Isham et al. (1999) that the PDI occurs
anywhere between the matching height and the reflection height, as well as the description by
Ashrafi et al. (2007) that height of PDI is just below the reflection height.
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5.2 Collapse
Collapse was observed around the frequency of the HF transmission. The average range
of the frequency of the collapse was approximately from 4.200 MHz to 4.260 MHz and the
average width of the frequency of the collapse was about approximately 60 kHz. Figure 5.3
shows the observation of the collapse at HF of 11˚ and UHF of 15 ˚ at 03:28:00 UT and at
03:28:12 UT on July 25, 2011. This is consistent with the description by DuBois et al. (2001)
that collapse is generated near the height where the plasma frequency equals the frequency of HF
transmission.
Most collapses with strong intensity were observed at HF of 7˚, 11˚, and 14˚ when the
UHF angle was 15˚. There were many observations of the collapse with strong intensity at HF
11˚ and 14˚ than at 7 ˚ when the UHF angle was 15˚. This is not consistent with the description
by Hanssen et al. (1992) that the collapse with strongest intensity is observed at HF of 7˚ rather
than HF of 11˚ and HF of 14˚. Although the observations of HAARP experiment campaigns of
2009 and 2010 verified Hanssen’s explanation (Adham et al., 2010), our 2011 observations
indicate the collapse with strong intensity at HF angles were also observed close to the magnetic
zenith angle. In addition, the frequency bandwidths of the collapse at HF of 11˚ and 14˚ are
broader that than those at HF of 7˚. This is indicative that the transmission at HF of 11˚ and HF
of 14˚ also generated strong collapse.
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Figure 5.3: The Power Spectral Density at HF of 11˚ and UHF of 15˚ at 03:28:00 UT and at
03:28:12 UT on July 25, 2011. The collapse was observed around the HF frequency 4.2 MHz.
The width of the frequency of the collapse was about 60 kHz at 03:28:00 UT and 03:28:12 UT.

5.3 Coexistence
Most examples of coexistence were observed at HF of 7˚, 11˚, and 14˚ when the UHF
angle was 15˚. There were many more observations at HF of 11˚ and 14˚ than at 7˚. The
observation of coexistence appeared comparable to both cascade and collapse. In addition, there
were some observations of coexistence at HF of 7˚ with the short width of the frequency of
collapse. Figure 5.4 shows the coexistence at HF of 7˚ and UHF of 15˚ at 03:23:24 UT on July
25, 2011. Figure 5.4 also shows the coexistence with largest frequency width of collapse, 32 kHz.
This value is approximately half of the frequency width of collapse at HF of 11˚ and UHF of 15˚
in Figure 5.3, 60 kHz.
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Figure 5.4: The Power Spectral Density at HF of 7˚ and UHF of 15˚ at 03:23:24 UT on July 25,
2011. The coexistence was observed. The frequency width of the collapse was 32 kHz, which
was approximately half of 60 kHz which is the frequency width of the collapse at HF of 11˚ and
UHF of 15˚ on the Figure 5.3.

5.4 Outshifted Plasma Lines
5.1.4 Observation of OPL
OPL was observed for frequencies above of the HF transmission, and this is consistent
with the description by Isham et al. (1996) that OPL has a large spectral width which is shifted
above the frequency of the HF transmission. The spectral width of OPL in Figure 5.5 is
approximately 300 kHz which is slightly higher than the large spectral width by Mishin et al.
(1997) which is from 100 kHz to 200 kHz. Also, the range of the outshift of OPL from our
experiment, Figure 5.5, was from 100 kHz to 460 kHz higher than the frequency of the HF
transmission frequency, 4.2 MHz, and this range of the shift of the frequency is consistent with
the illustration by Mishin et al. (1997) which suggested a shift of the frequency is about 300 kHz
higher than the frequency of the HF transmissions.
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Since the frequency of OPL was larger than the frequency of HF transmission, the height
where OPL appeared was higher than the reflection height of the HF transmission. The height of
OPL was about 10 km above than the reflection height. This value is consistent with the
description by Cheung et al. (1992) that the height of OPL is originated is several kilometers
above the reflection height of the HF transmission.

Figure 5.5: The Power Spectral Density at HF of 11˚ and UHF of 15˚ at 03:28:24 UT on July 25,
2011. The range of the shift of OPL was from 216 kHz to 246 kHz, higher than the frequency of
the HF transmission 4.2 MHz. The spectral width of the OPL was approximately 300 kHz.

5.4.2 Multiple lines of OPL
There were some observations of OPL which had multiple lines. Figure 5.6 shows the
OPL with multiple lines. There were some multiple OPL lines at HF of 7˚, 11˚, and 14˚ and at
UHF of 15˚and 12˚. When comparing the observations of multiple OPLs among HF angles and
UHF angles, there were strong distinct OPLs observed at HF of 7˚ and UHF of 12˚ more than at
other angles. This observation of the multiple OPLs is associated with the combination of HF
of 7˚ and UHF of 12˚. Also, when the OPL without distinct lines, was observed at HF of 7˚ and
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UHF of 15˚, the distinct OPLs were observed at HF of 7˚ and UHF of 12˚. This result is similar
to the result of the distinct cascade lines which is described in section 5.6.
There were four OPLs at HF of 7˚ and UHF of 12˚at 03:22:00 UT. The frequency of the
1st OPL was 4.215 MHz, the 2nd OPL was 4.224 MHz, the 3rd OPL was 4.234 MHz, and the 4th
OPL was 4.239 MHz. The 1st OPL was shifted 150 kHz from HF transmission 4.2 MHz, and the
frequency difference between 1st and 2nd OPLs was 90 kHz , between 2nd and 3rd was 100 kHz,
and between 3rd and 4th was 50 kHz. The frequency difference between the 1st and 2nd is close to
the frequency difference between the 2nd and 3rd. Also, there were three OPLs at HF of 7˚ and
UHF of 12˚at 03:22:12 UT, and the frequency of the 1st OPL was 4.232 MHz, the 2nd OPL was
4.237 MHz, and the 3rd OPL was 4.241 MHz. The 1st OPL was shifted 320 kHz from HF
transmission 4.2 MHz, and the frequency difference between 1st and 2nd OPLs was 50 kHz and
between 2nd and 3rd was 40 kHz. The frequency difference between 1st and 2nd is close to the
frequency difference between 2nd and 3rd. The common evidence for both observations of OPL at
03:22:00 UT and 03:22:12 UT is that the frequency difference between 1st and 2nd is almost the
same as the frequency difference between 2nd and 3rd. However, the values of the frequency
difference of OPL at both observations are different. Moreover, the frequency difference
between the 3rd and 4th is different from the frequency difference the 1st and 2nd and also between
the 2nd and 3rd. It remains to find the frequency difference of OPL for observations at other
experimental times.
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Figure 5.6: The Power Spectrum Density at HF of 7˚ and UHF of 12˚at 03:22:00 UT and
03:21:12 UT. There were multiple lines of OPL.

5.5 Observations for Varied HF Angles
There are features of the observation with HF angle dependence. At all UHF angles: UHF
of 6˚, 12˚, and 15˚, there were many observations of strong spectra at HF of 11˚ and 14˚ more
intense than at HF of 7˚. This result is consistent with the description by Mishin (2005) that
scattering of the HF transmission waves into Langmuir waves at the magnetic zenith angle is
greater than that at Spitze angle. The Spitze angle was 6.95˚ and the magnetic zenith was 14.5˚
on the experiment day. HF of 7˚ is close to the Spitze angle and 14˚ is close to magnetic zenith.
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5.5.1 Observation at HF of 7˚
When the HF angle was 7˚, strong spectra were observed when UHF angle was 15˚. This
result that there were observation of the strong intensity cascade at HF of 7° and UHF of 15° is
dependable with Kohl Effect (Sheerin et al., 2008). Figure 5.7 shows the observation at HF of 7˚
and UHF of 15˚ from 03:21:57 UT to 03:22:47 UT. This is considered that the reflection of the
HF transmission directed near perpendicular to the direction of the UHF transmission. In contrast,
weak spectra were observed when UHF angle was 6˚ or 12˚. It is possible that the wave of the
HF transmission was not reflected near the position where the decay occurs (Rietveld et al.,
1993). Also, this is because UHF angles of 6˚ and 12˚ do not satisfy the optimal geometry for the
Kohl Effect: at reflection of the refracted electric field and the UHF wavevector are parallel.

Figure 5.7: Spectra for HF of 7˚and UHF of 15˚ from 03:21:57 UT to 03:22:47 UT. Strong
cascade lines were observed. This is consistent with the Kohl Effect.

5.5.2 Observation at HF angle 11˚
When HF angle was 11˚, there were very strong spectra observed at both UHF of 12˚ and
15˚. In particular, the intensity of the spectra at HF of 11˚ and UHF of 15˚ were stronger than
other observations. This is consistent with the description by Watkins et al. (2010). As Figure 5.8
shows, when the electric field at reflection of the HF transmission is along to the magnetic field
of MUIR look angle, MUIR may detect strong echoes. The HF transmission is refracted while
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transmitting, and the reflection of the HF transmission with HF of 11˚ was assumed to be
incident perpendicularly on the magnetic field of the UHF transmission. Since the direction and
the electric field of the HF transmission are perpendicular, the electric field of the reflection of
the HF transmission can be along the UHF transmission when the reflection is perpendicular to
the UHF transmission. As the schematic diagram in Figure 5.8 shows, the electric field, (shown
with arrows), of the reflection of HF of 12˚ is almost parallel to the magnetic field line, (shown
by the dash dotted line). The observation illustrated in the figure used 4.544 MHz and HF of 12˚.
Since those values are close to our setup, 4.2 MHz and HF of 11˚, it may be possible to describe
similar phenomena caused by the transmission with HF of 11˚ in our experiment.

Figure 5.8: Schematic diagam of ray tracing HF waves of varying angles of incidence of 4.544
MHz of HF transmission into a horizontally uniform ionosphere Rietveld, et al. (2003). The
reflection height and upper-hybrid resonance (UHR) heights are shown labeled and the wave
electric field direction of the upward and downward going waves at the UHR height are shown
by arrows. The dashed-dotted line shows the magnetic field direction. When the electric field of
the HF transmissiion is paralell to the magnetic field, the UHF radar detect strong signal.
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5.5.3 Observation at HF angle 14˚
When the HF angle was 14˚, strong spectra were observed at UHF of 15˚. Although there
were some strong spectra at UHF of 12˚, most of spectra were missing at UHF of 6o. This is
consistent with the illustration by Rietveld et al. (2003) that the HF transmission at or close to the
magnetic zenith angle increases the signal strength of the UHF echoes. Also, the observation at
HF of 14˚ and UHF of 6˚ is considered that the reflection of the HF was not refracted to the UHF
of 6˚.

5.6 Observations Varying UHF Angles
There are features of the observation with UHF angle dependence. When the UHF angle
was close to Spitze angle, the observations were not as strong; however, the UHF angle was
close to the magnetic zenith angle, many observations with strong intensity were obtained.

5.6.1 Observation at UHF angle 6˚
When the UHF angle was 6°, most of the observations for HF of 7°, 11°, and 14° were
weak or undetected. When comparing observations at HF of 7˚, 11˚, and 14˚, there was more
signal strength observed at HF of 7˚ and UHF of 6˚ than at other angles. There were some
observations at HF of 11° and UHF of 6˚; however, most of the observations were missing at HF
of 14˚ and UHF of 6˚. There were many observations when HF of 7o and UHF of 6o, when HF
and UHF are close; however, as Figure 5.8 shows, the electric field of the reflection of HF of 7˚
is almost perpendicular to the UHF of 6o. Hence, it is to be expected that no detection for the
combination of the HF of 7o and UHF of 6o angles. The condition of the ionosphere may have
changed the angle of the reflection.
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5.6.2 Observation at UHF angle 12˚
When the UHF angle was 12˚, there were strong spectra and more observations at HF
of 11˚and 14˚ than with HF of 7˚. Multiple cascade lines were observed when the UHF angle was
12˚. As the section 5.1 explained, when the strong cascade without line was observed at UHF
of 15°, multiple cascade lines were observed at UHF of 12°. This relationship may be a useful
strategy to detect strong cascade and distinguished cascade lines for the same HF angle.
5.6.3 Observation at UHF angle 15˚
When the UHF angle was 15˚, strong spectra were observed at HF of 7˚, 11˚, and 14˚.
This is consistent with Magnetic Zenith effect (Rietveld et al., 2003). Most of the observations of
cascade, collapse, coexistence, and OPL of the HAARP 2011 experiments had the same feature
that the strong spectra were observed at HF of 7˚, 11˚, and 14˚ when the UHF angle was 15˚.
This result is consistent with the Magnetic Zenith effect theory by Rietveld et al. (2003) and
description by Isham et al. (1999) and Kosch et al. (2004), the enhancements are detectable close
to the magnetic field lines. Also, this observation is consistent with the description by Rietveld et
al. (2003) that the observation is obtained when HF angle is between the Spitze angle and
magnetic zenith angle and when UHF angle is at or close to magnetic zenith angle.

5.7 Observations of Transmission Sequences
Throughout the experiments from 03:05:00 UT to 03:43:48 UT on July 25, 2011, we
found some evidence of variation in the observations depending on the order of HF pointings, a
possible hysteresis effect. For the observations for the first sequence with the observations for
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the third sequence with HF of 14˚, the fourth sequence with HF of 7˚, and the fifth sequence with
HF of 11˚, from 03:15:00 UT to 03:29:48 UT, most of the observations of cascade, collapse,
coexistence, and OPL had stronger intensity than other sequences. The observation during this
period may indicate that the heating condition of the ionosphere is considerable and sufficient for
the generation of the irregularities during those sequences. The result may also be associated
with the natural condition of the ionosphere.
Another feature of the spectra taken is that the intensity of the spectrum became stronger
just before the HF pump wave was turned off when HF angle was 11° at the second sequence
and when HF angle was 7° fourth sequence. In contrast, the intensity became weaker just before
the HF pump wave was turned off at HF angle 14° at the sixth sequence. If the intensity of the
spectra tend to be HF of 14° > HF of 11 ° > HF of 7°, the result may consistent. For example, at
just before the HF transmission with 7° is turned off, the pulse is toward to 11°, and the same
situation at just before 11° as turn off happens. However, those results are not consistent with
other cycles. There are different angles and cycles, so those observations are assumed to be
dependent upon the natural condition of the ionosphere.

5.8 Dependence of Observations on the Natural Conditions of the Ionosphere
We observed intense spectra at the experimental time on July 25, 2011. However, as the
space weather in Table 3.1 in the section 3.1.1 shows, the space weather on July 25, 2011 has an
occasional absorption event. Figure 5.9 shows the absorption on July 25, 2011. The absorption
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level at the experimental time, from 03:00:00 UT through 03:44:48 UT, is larger so that the
detection of the signal is smaller. On July 24, 2011 there were some observations of the decays
for one cycle. Other experimental runs had no detections. As Table 5.1 shows, the space weather
effects recorded on July20, 2011 and July 21, 2011 showed lower electron densities in the region
for the HF transmission. Figure 3.2 in the section 3.1.2 shows the ionosonde during the
experimental time on July 20, 2011, and it does not show any reflection, which indicates that
high absorption occurred throughout the day.

Figure 5.9: Part of the riometer trace on July 25, 2011. When comparing the absorption from
03:00 UT to 04:00 UT, the earlier time has higher absorption than later time.

The ionosonde and riometer illustrate that there was high absorption during the
experimental time. Although the absorption level was supposed to associate with the observation
for the sequences, it does not seem to have any evidence that the absorption level made the
stronger spectra for the sequences, from 03:15:00 UT to 03:28:48 UT.
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5.9 Frequency of HF Transmissions
We selected three different frequencies, 5.2 MHz, 4.8 MHz, and 4.2 MHz for the HF
transmissions at HAARP 2011 experiments. Those frequencies are shown in Table 4.2 in the
section 4.1.1. The gyrofeatures exist only when the frequency of HF transmission equals to the
gyro-harmonic frequency (Stubbe et al., 1984), and the strong spectrum of the electron
enhancement is observed when the HF transmission is at just above the electron gyro-harmonics
(Kosch et al., 2005; Gustavsson et al., 2006); hence, the HF frequency, 5.2 MHz, was supposed
to be higher to enhance the irregularities in the ionosphere. On the other hand, Kosch et al.
(2007) describes that the HF emissions occur with up to 0.5 MHz above foF2 sometimes from
the irregularities.
In other experimental runs, we selected 4.2 MHz for most of the experimental day while
selected various HF and UHF angles. There were no detections with 4.2 MHz and HF of 0˚ and
UHF of 0˚, 6˚, and 15˚. HF angle, 0˚, is assumed not to generate decay. There were observations
at 4.2 MHz with HF of 7˚ and 14˚ and UHF angle 15˚; however, no detections at HF of 0˚ and
UHF of 0˚, 6 ˚, and 15 ˚ nor any detections with HF of 0˚, 7˚, and 14˚ and UHF of 0˚or 6˚. Hence,
the HF frequency 4.2 MHz is appropriate value for transmission when the HF and UHF angle are
suitable. For all experimental runs, the 3rd gyro-frequency was around 4.3 MHz. Hence, the
observation at the HF transmission 4.2 MHz is consistent with the description by Kosch et al.
(2002) that the frequency of HF transmission from above the 2nd and below the 3rd gyrofrequency produces strong intensities.
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6. Conclusions

We excited the SLT by transmitting HF pulses in the ionosphere, and we observed the
spectra of the plasma wave turbulence generated. Observations of the spectra were recorded and
their dependence on duty cycle of HF and UHF transmission, frequency of HF transmission, HF
pump wave angle, and UHF look angle were studied. The spectra exhibit three-wave turbulence
of PDI and LDI, the modulational instability and the combined spectra called coexistence.

6.1 Duty Cycle of HF and UHF Transmission
Shorter (60 ms) HF pulses at low duty cycle (0.5 % ) suppressed AFAI in the ionosphere,
and this short pulse/ low duty cycle pulsing scheme permitted interpretation of the physics of
turbulence recorded. Also, the high time resolution of MUIR UHF radar, 3.3 ms, made possible
the observed overshoots in the plasma lines. on the timescale of the electron plasma period
indicative of SLT.

6.2 Frequency of HF Transmission
The HF transmission frequency 4.2 MHz, which is close to the third gyro-harmonic
frequency and below the critical frequency, generated cascade, collapse, coexistence, and OPL.

73

6.3 HF Pointing Angles and UHF Look Angles
The simultaneous radar spectra yield strongest radar echoes at UHF at 15° with HF
angles 7°, 11°, and 14°. This result confirms the results of the experiment of HAARP in 2010
(Adham et al., 2010). For those combinations of HF and UHF angles, there were observations of
strong cascade, collapse, coexistence, and OPL. It indicates that for those HF angles, which are
between the Spitze angle and the magnetic zenith angles, are appropriate angle to enhance the
ionosphere, and that the UHF look angle 15°, which is close to the magnetic zenith angle, is the
suitable angle to observe SLT. When the HF angle was 11° and 14°, there were routine
observations of strong cascade,, collapse, coexistence, and OPL compare to HF at 7°. This
indicates that the HF angle close to the magnetic zenith tended to generate SLT more and also
the position is appropriate for the UHF of 15°. When the HF angle was 7° and UHF angle was
15°, spectra with strong intensity was observed, and this is consistent with Kohl effect (Sheerin
et al., 2008). When the HF angle was 11°, multiple strong intensity spectra were observed. The
electric field at reflection of the transmission wave with HF of 11° was found to be parallel to the
UHF transmission at the UHF matching height, therefore, the spectra showed the strong intensity.
Also, condition of the ionosphere supported the improved the observation.

6.4 Observations of Turbulence in the MUIR Spectra
We observed strong cascade, collapse, coexistence, and OPL. When continued strong
cascade was observed at UHF 15°, distinct cascade lines were observed at UHF of 12°. This
aspect is useful to observe both continued and distinct cascade features at the same time. We
confirmed the multiple cascade lines indicate the PDI and LDI. The frequencies of the lines are
the frequencies of LWs, and the frequencies of IAWs, which are found by the frequencies of
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LWs, confirms that the frequency difference between cascade lines equals to the frequency
difference between the first cascade line and the HF transmission frequency. Also, we confirmed
that the MUIR demonstrated only odd multiple cascade lines. Moreover, the derivation of the
PDI matching height due to the observation is consistent with the theoretical matching height.
The observation of coexistence is indicative of SLT, and the observation of OPL is predicted by
the theories of SLT (DuBois et al., 2001). We also, for the first time, observed cascade type
structuring in the spectra of OPLs.
We have performed the first simultaneous multi-angle measurements of turbulence in
active HF radiowave interaction experiments. Our results confirm many of the previous
conclusions from single aspect angle measurements. Refraction of the HF beam from the Spitze
angle to the magnetic zenith angle gives a stronger signal in the magnetic zenith direction. The
spectra are found to be strongest for the UHF diagnostic radar pointed along the magnetic zenith
direction. The spectra include evidence of cascade and co-existence of the cascade lines with the
collapse feature. Additionally, the outshifted plasma feature was observed to be more prevalent
in our experimental runs than previously measured. These observations are in agreement with
existing theory and simulation results of Strong Langmuir Turbulence in ionospheric interaction
experiments. Newly discovered features associated with the observed outshifted plasma lines,
await additional numerical analysis and will be explored in future experiments.
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